Introduction
============

Acetylation or deacetylation of histone proteins is regulated by histone acetyltransferase (HAT) or histone deactylase (HDAC), respectively. The equilibrium between HAT and HDAC acts as a switch controlling the level of gene transcription, including that of genes coding for inflammatory cytokines ([@b1-mmr-13-01-0035]). HAT coordinates the recruitment and activation of transcription factors by inducing conformational changes in histones, allowing for access to gene promoters. HDAC counteracts HAT activity by targeting of histones as well as non-histone signal transduction proteins which have roles in inflammation ([@b2-mmr-13-01-0035]). Conditional deletion of HDAC1 in T cells leads to enhanced airway inflammation and increases in the synthesis of T-helper type 2 cell cytokine production ([@b3-mmr-13-01-0035]). The finding that HDAC activity was depressed in synovial tissues from patients with rheumatoid arthritis indicated that strategies restoring HDAC function may have a therapeutic value in this disease ([@b2-mmr-13-01-0035]).

Conversely, inhibition of HDAC with HDAC inhibitors was demonstrated to limit the production of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-1α ([@b4-mmr-13-01-0035]), and the expression of the sirtuin 1 gene is regulated by nuclear factor (NF)-κB, which is activated by TNF-1α ([@b5-mmr-13-01-0035]). Of note, pharmacological inhibitors of HDAC activity have demonstrated potent therapeutic effects in animal models of arthritis and other chronic inflammatory diseases ([@b6-mmr-13-01-0035],[@b7-mmr-13-01-0035]). A recent study reported a markedly elevated HAT/HDAC ratio in rheumatoid arthritis (RA) and ankylosing spondylitis (AS) during anti-TNF-α therapy, while rituximab increased HAT as well as HDAC ([@b8-mmr-13-01-0035]). Previous studies have reported an imbalance between HAT and HDAC in peripheral blood mononuclear cells (PBMCs) or synovial tissues from patients with RA and AS ([@b9-mmr-13-01-0035],[@b10-mmr-13-01-0035]).

AS is a chronic inflammatory type of arthritis affecting the axial as well as peripheral skeletons and soft tissues. Changes in the expression of microRNA (miRNA) have been demonstrated to be involved in the pathogenesis of various types of arthritis, including RA and osteoarthritis (OA) ([@b11-mmr-13-01-0035],[@b12-mmr-13-01-0035]). A number of studies have shown that altered miRNA expression in synovia, PBMCs or T cells from patients with RA or OA is linked with innate immunity and inflammation ([@b13-mmr-13-01-0035]--[@b15-mmr-13-01-0035]). It was recently demonstrated that miR-16, miR-221 and let-7i are overexpressed in T cells from patients with AS, and mechanistic studies showed that the increased let-7i expression facilitates the T helper type 1, interferon (IFN)-γ-associated immune response in T cells ([@b16-mmr-13-01-0035]). Bioinformatics analyses are widely used to identify potential targets of miR-130a in endothelial progenitor cells ([@b17-mmr-13-01-0035]), hepatitis C virus ([@b18-mmr-13-01-0035]) and cardiomyocytes ([@b19-mmr-13-01-0035],[@b20-mmr-13-01-0035]). To date, the underlying mechanisms of miR-130a regulation in PBMCs from patients with AS have largely remained elusive.

Advances in the development of effective therapies for AS have been limited as the underlying mechanisms of AS causing immune and inflammatory responses have not yet been elucidated. Therefore, revealing the molecular mechanisms of AS is indispensable for developing effective treatments. In the present study, PBMCs were used investigate the pathogenesis of AS through miR-130a via HDAC-associated pathways.

Materials and methods
=====================

Peripheral blood samples and cell culture
-----------------------------------------

Human peripheral blood samples were obtained with written informed patient consent from the Department of Orthopedics, The Thrid People\'s Hospital of Hefei (Hefei, China). The present study was approved by the Ethics Committee of the Department of Orthopedics, The Thrid People\'s Hospital of Hefei. Peripheral blood samples from 20 AS patients and 20 normal healthy control subjects were collected between February 2013 and December 2014.

The human PBMCs were separated from the peripheral blood samples at the Cell Resource Center, Shanghai Institutes for Biological Sciences (Shanghai, China), and maintained in RPMI-1640 (Invitrogen Life Technologies, Inc., Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies) at 37°C in a humidified incubator (Thermo Fisher Scientific, Waltham, MA, USA), in an atmosphere of 5% CO~2~ and 95% air. The medium was replenished every day.

Hierarchical cluster analysis
-----------------------------

Microarray date were obtained from the Gene Expression Omnibus (GEO; <http://www.ncbi.nlm.nih.gov/geo/>), using the GEO accession number GSE25101. Observations with adjusted P-values ≥0.05 were removed, and thus excluded from further analysis. The hierarchical cluster analysis was created using a method of hierarchical clustering by GeneSpring GX, version 7.3 (Agilent Technologies, Santa Clara, CA, USA).

RNA interference
----------------

The small interfering (si) RNA for human HDAC3 and scramble siRNA were obtained from Dharmacon (Lafayette, CO, USA). The following primers were used:HDAC3 forward, 5′-CACUCUGAGUGGGACAAGCUCUUCA-3′ and reverse, 5′-UGAAGAGCUUGUCCCACUCAGAGUG-3′; miRNA-130a forward, 5′-GCUAUCAGUCCACUGUGCU UGUGGU-3′ and reverse, 5′-ACCACAAGCACAGUGGACU GAUAGC-3′; scramble forward, 5′-CACGAGUGGGUAACACUCGUCUUCA-3′ and reverse, 5′-UGAAGACGAGUGUUACCCACUCGUG-3′. The siRNA oligonucleotides (at a final concentration of 100 nM) were transfected into human PBMCs using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer\'s instructions. Trichostatin A (TSA) and dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich (cat nos. V900931 and D2650; Sigma-Aldrich, St. Louis, MO, USA). The HDAC3 inhibitor TSA and negative control DMSO were used at a concentration of 25 *µ*M for 5 h when the cells had reached 60--80% confluence.

miRNA mimic and transfection
----------------------------

The human miR-130a duplex mimic (miR-130a mimic) and negative control oligonucleotide duplex mimic (miR-NC) were designed and synthesized by Guangzohu RiboBio Co., Ltd. (Guangzhou, China). miR-130a mimic sequence: 5′-CAGUGCAAUGUUAAAAGGG-3′; and miR-NC sequence: 5′-UUCUCCGAACGUGUCACGUTT-3′ Once cells reached 30--50% confluence they were transfected with 1 nM miRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s protocol. Total RNA was extracted 24 h post-transfection, and total cell protein was extracted 48 or 72 h post-transfection.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

RNA extraction from PBMCs was performed with TRIzol (Invitrogen Life Technologies) according to the manufacturer\'s instructions. Synthesis of cDNA was performed by reverse transcription reaction with 2 *µ*g total RNA using moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) with oligo dT ([@b15-mmr-13-01-0035]) primers (Fermentas; Thermo Fisher Scientific) according to the manufacturer\'s instructions. The first-strand cDNAs served as the template for the regular PCR performed using TransScript^®^ II Green Two-Step qRT-PCR SuperMix (Transgen Biotech Co., Ltd., Beijing, China), which included EasyTaq^®^ DNA polymerase, dNTPs and buffer. The cycling conditions were as follows: 2 min of polymerase activation at 95°C followed by 40 cycles at 95°C for 15 sec, 55°C for 60 sec and 72°C for 20 sec. PCR was performed using the following primers: HDAC3 forward, 5′-TTGCGATTCTGTTTTGTGCT-3′ and reverse, 5′-GTGGGGTCCTCAGTGGG-3′; miRNA-130a forward, 5′-TTGCGATTCTGTTTTGTGCT-3′ and reverse, 5′-GTGGGGTCCTCAGTGGG-3′; β-actin forward, 5′-ACAGGGGAGGTGATAGCATT-3′ and reverse, 5′-GACCAAAAGCCTTCATACATCTC-3′. All primers were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). β-actin as an internal control was used to normalize the data to determine the relative expression of the target genes. RT-qPCR was carried out on a LightCycler 480 (Roche Diagnostics GmbH, Penzberg, Germany). After completion of the reaction, the amplification curve and melting curve were analyzed. Gene expression values were determined using the 2^−ΔΔCt^ method.

Western blot analysis
---------------------

The PBMCs were homogenized and extracted with NP-40 buffer (Beyotime Institute of Biotechnology, Haimen, China), followed by 5--10 min boiling and centrifugation (10,500 × g, 15 min, 4°C) to obtain the supernatant. Samples containing 50 *µ*g protein were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride Transfer Membrane (Millipore, Billerica, MA, USA). After saturation with 5% (w/v) non-fat dry milk in Tris-buffered saline and 0.1% (w/v) Tween 20 (TBST), the membranes were incubated with the rabbit anti-human polyclonal HDAC3 (cat. no. ab16047) and mouse anti-human monoclonal TNF-1α (cat. no. ab10204) antibodies (Abcam, Cambridge, MA, USA) at dilutions of 1:500--1:2,000 at 4°C overnight. After three washes with TBST, membranes were incubated with secondary immunoglobulins (Igs) conjugated to horseradish peroxidase, including goat anti-mouse IgG (cat. no. ab6789) and goat anti-rabbit IgG (cat. no. ab6721) (Abcam) at a dilution of 1:10,000 and 1:20,000. After 1 h of incubation at 37°C, membranes were washed three times with TBST. Blots were visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences). Signals were densitometrically assessed (Odyssey Application Software version 3.0; LI-COR Biosciences) and normalized to the β-actin signals to correct for unequal loading using the mouse monoclonal anti-β-actin antibody (1:10,000 dilution; cat. no. ab6276; Abcam).

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

PBMCs were cross-linked with 0.5% formaldehyde (Beyotime Institute of Biotechnology) for 10 min at room temperature. Cross-linking was stopped by adding 125 mM glycine (Beyotime Institute of Biotechnology). Cells were solubilized in a buffer containing 10 mM Tris-HCl (pH 8.0), 1% Triton X-100, 1% sodium deoxy-cholate, 1 mM phenylmethanesulfonylfluoride and protease inhibitor cocktail (all Beyotime Institute of Biotechnology) for 10 min at 4°C. Pellets obtained by centrifugation at 10,006 × g for 5 min were suspended in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) and sonicated using a BioruptorSonicator (Diagenode, Seraing, Belgium) to shear chromatin into 500-bp fragments. The immunoprecipitated protein-DNA complexes were collected using protein A agarose beads (Upstate Biotechnology, Inc., Lake Placid, NY, USA). Sonicated chromatin was subjected to immunoprecipitation using ChIP-grade agarose beads with protein G (Cell Signaling Technology, Inc., Beverly, MA, USA), blocked with 1% bovine serum albumin (BSA; Beyotime Institute of Biotechnology) and 1% salmon sperm DNA (Beyotime Institute of Biotechnology). Proteinase K (1 mg/ml, Sigma-Aldrich) digestion and DNA purification (Wizard Plus Minipreps DNA Purification system; Promega) were performed after blocking with BSA and salmon sperm DNA. The resultant product was then subjected to PCR amplification.

Statistical analysis
--------------------

Values are expressed as the mean ± standard error of mean for each group. All statistical analyses were performed by using GraphPad Prism version 4.0 (GraphPad Inc., La Jolla, CA, USA). One-way analysis of variance or Student\'s t-tests were applied, as well as regression analysis to analyze data. Differences with a P-value of \<0.05 were considered statistically significant.

Results
=======

HDAC3 expression is increased and miRNA-130a expression is decreased in PBMCs from AS patients
----------------------------------------------------------------------------------------------

A recent study has shown that in PBMC nuclear extracts from AS patients, the levels of HAT were decreased, while HDAC tended to be increased compared with that in healthy control subjects ([@b8-mmr-13-01-0035]). Consistent with this previous study, the results of the present study showed a \>3-fold increase in HDAC3 mRNA and protein expression in PBMCs from patients with AS compared with that in healthy control subjects ([Fig. 1A--C](#f1-mmr-13-01-0035){ref-type="fig"}). The present study then investigated the possible link between miRNA expression and AS. A hierarchical cluster analysis of differentially expressed miRNAs in the PBMCs from AS patients was performed. The results showed that the down-regulation of miRNA-130a was associated with AS, the expression of which was lowest among all miRNAs. As shown in [Fig. 1D](#f1-mmr-13-01-0035){ref-type="fig"}, miRNA-130a expression was markedly decreased in PBMCs from AS patients compared with that in PBMCs from normal controls.

miRNA-130a is regulated by HDAC3
--------------------------------

The deregulation of miRNAs has been frequently identified in immunopathogenesis and has been linked to AS ([@b16-mmr-13-01-0035],[@b21-mmr-13-01-0035]). The expression of miRNA-15a/miRNA-16-1 is repressed through recruitment of HDAC3 in mantle cells and other non-Hodgkin B-cell lymphomas ([@b21-mmr-13-01-0035]). Based on these data, the present study investigated whether expression of miRNA-130a in PBMCs from AS patients was affected by HDAC3 knockdown. Increased miRNA-130a expression was observed in the HDAC3 siRNA group and in the HDAC3 inhibitor \[trichostatin A (TSA)\] group ([Fig. 2A](#f2-mmr-13-01-0035){ref-type="fig"}). Furthermore, a ChIP assay was performed using HDAC3 antibody to detect binding at the miRNA-130a promoter. This approach revealed that HDAC3 was able to bind to miRNA-130a promoters in PBMCs and the percentage input was significantly increased for AS patients compared with that for normal controls ([Fig. 2B](#f2-mmr-13-01-0035){ref-type="fig"}). These findings suggested that HDAC3-mediated histone hypoacetylation contributed to the regulation of the expression of miRNA-130a.

TNF-1α is regulated by HDAC3 via miRNA-130a
-------------------------------------------

miR-130a overexpression led to a decrease, whereas miR-130a inhibition caused an increase of the mRNA and protein expression of TNF-1α in PBMCs ([Fig. 3A and B](#f3-mmr-13-01-0035){ref-type="fig"}). Furthermore, HDAC3 knockdown or HDAC3 inhibition caused an increased in the expression of miR-130a and a decrease of the mRNA and protein expression of TNF-1α in PBMCs ([Fig. 3C and D](#f3-mmr-13-01-0035){ref-type="fig"}). These observations suggested that HDAC3 has an important role in the underlying mechanism of AS by regulating miR-130a expression via its target TNF-1α.

Discussion
==========

Among the numerous HDACs, HDAC3 is widely expressed and conserved in a wide range of species ([@b22-mmr-13-01-0035]). HDAC3 regulates the c-Jun N-terminal kinase pathway ([@b23-mmr-13-01-0035]), NF-κB activity ([@b24-mmr-13-01-0035]), mitogen-activated protein kinase activation ([@b25-mmr-13-01-0035]) and nuclear translocation of regulator of calcineurin 1 ([@b26-mmr-13-01-0035]). The present study reported several important observations regarding the involvement of HDAC3 in the molecular mechanisms of AS. First, increased mRNA and protein levels of HDAC3 and decreased levels of miRNA-130a were observed in PBMCs from AS patients. Furthermore, HDAC3 knockdown or HDAC3 inhibition promoted the expression of miRNA-130a and HDAC3 could be recruited to the promoter region of the gene encoding for miRNA-130a in AS patients. From these results, it can be deduced that HDAC3 is involved in the regulation of a distinct underlying molecular mechanism of AS by forming a negative feedback loop with miR-130a. In addition, miR-130a overexpression led to a decrease, whereas miR-130a inhibition caused an increase in TNF-1α expression in PBMCs. Furthermore, HDAC3 knockdown or HDAC3 inhibition caused an increase in the expression of miR-130a and a decrease in the expression of TNF-1α in PBMCs. All of these observations suggested that HDAC3 has an important role in the underlying molecular mechanism of AS by regulating miR-130a expression via its target TNF-1α.

A recent study demonstrated that miRNA-130a is required for normal immune function. miRNA-130a was demonstrated to markedly inhibit hepatitis virus C (HCV) replication in the HCV replicon as well as in J6-/JFH1-infected cells. Overexpression of miR-130a led to increases in the expression of type I IFN (IFN-α/IFN-β), interferon-induced 17 kDa protein, ubiquitin-specific peptidase 18 and MX dynamin-like guanosine triphosphatase A, which are involved in the innate immune response; furthermore, miR-130A overexpression led to decreases in the expression of miR-122, a well-defined miRNA promoting HCV production ([@b18-mmr-13-01-0035]). miRNAs are potentially differentially expressed in the T cells of AS patients, which may alter the expression of the downstream target molecules that may contribute to the pathogenesis of AS ([@b16-mmr-13-01-0035]). In the present study, miRNA-130a inhibition increased the expression of TNF-1α, while miRNA-130a knockdown decreased the expression of TNF-1α. These results indicated that TNF-1α may be a candidate target of miRNA-130a, as it appeared to have an important regulatory role in the underlying mechanisms of AS.

AS therapy has been revolutionized by the increasing knowledge of the pathogenetic mechanisms of the disease, involving dysfunction and excessive secretion of multiple pro-inflammatory molecules, in particular TNF-1α ([@b16-mmr-13-01-0035],[@b27-mmr-13-01-0035]). Among five biological agents currently used in AS therapies, anti-TNF-1α monoclonal antibody adalimumab, TNF receptor fusion protein etanercept and anti-TNF-1α monoclonal antibody infliximab have been largely demonstrated to be effective at reducing AS activity and controlling joint damage and various aspects of the diseases as well as to be reasonably safe ([@b27-mmr-13-01-0035]--[@b29-mmr-13-01-0035]). Clinical studies have indicated that AS patients respond to the above treatments. Upon TNF-1α inhibition, HAT activity increases considerably in patients with AS (by 198%), leading to a marked increase of the HAT/HDAC ratio in AS patients during anti-TNF-1α therapy. The HDAC inhibitor TSA induces a decline in HDAC (by 43.6%) ([@b8-mmr-13-01-0035]). In the present study, the HDAC3-inhibitory function of TSA appeared to directly regulate the expression of miRNA-130a as well as TNF-1α. Therefore, the present study identified the HDAC3/miRNA-130a/TNF-1α axis as a novel regulator of the pathogenetic mechanisms of AS.

In conclusion, the present study identified that HDAC3 had an important role in the underlying molecular mechanism of AS by regulating miR-130a expression via its target TNF-1α. These results suggested that HDAC3, as an inflammatory mediator which was shown to be elevated in PBMCs of patients with AS, may, at least in part, contribute to the pathogenetic mechanism of AS. Furthermore, the present study indicated that HDAC3 may represent a therapeutic target for the treatment of AS.

![Expression of HDAC3 and miRNA-130a in PBMCs from AS patients. (A) mRNA expression of HDAC3 in PBMCs from AS patients was assessed by RT-qPCR analysis. (B) Protein expression of HDAC3 in PBMCs from AS patients was assessed by western blot analysis. A blot representative of three experiments is shown. (C) Densitometric quantification of the western blots. (D) miRNA-130a expression was assessed by RT-qPCR. Values are expressed as the mean ± standard error of the mean; n=3 per group. ^\*\*^P\<0.01 vs. the normal group. HDAC3, histone deactylase 3; AS, ankylosing spondylitis; miRNA, microRNA; PBMC, peripheral blood mononuclear cell; RT-qPCR, reverse transcription quantitative polymerase chain reaction.](MMR-13-01-0035-g00){#f1-mmr-13-01-0035}

![Regulation of miRNA-130a by HDAC3. (A) Peripheral blood mononuclear cells were treated with vehicle solvent, DMSO, HDAC-siRNA or TSA, and the expression of HDAC3 was assessed by reverse transcription quantitative polymerase chain reaction. ^\*\*^P\<0.01 vs. NC. (B) A ChIp assay was performed using HDAC3 antibody to detect binding at the miRNA-130a promoter region. Percentage input was calculated using the formula 2^(Ct\[1%\ of\ input\]\ −\ Ct\[ChIP\])^. Values are expressed as the mean ± standard error of the mean; n=3 per group. ^\*\*^P\<0.01 vs. IgG. DMSO, dimethyl sulfoxide; siRNA, small interfering RNA; TSA, trichostatin A; ChIP, chromatin immunoprecipitation; Ct, cycle threshold; AS, ankylosing spondylitis; miRNA, microRNA; IgG, immunoglobulin G; NC, negative control.](MMR-13-01-0035-g01){#f2-mmr-13-01-0035}

![Regulation of TNF-1α by HDAC3 via miRNA-130a. The (A) mRNA and (B) protein expression of TNF-1α in PBMCs with miRNA-130a knockdown or overexpression were assessed by RT-qPCR and western blot analysis, respectively. (C) The mRNA expression of TNF-1α and miRNA-130a in PBMCs with HDAC3 knockdown or inhibition with TSA was assessed by RT-qPCR. (D) The protein expression of TNF-1α in PBMCs with HDAC3 knockdown or inhibition by TSA was assessed by western blot analysis. Blots are representative of three experiments. Values are expressed as the mean ± standard error of the mean; n=3 per group. ^\*\*^P\<0.01 vs. miRNA-130a of the NC group; ^\#\#^P\<0.01 vs. TNF-1α of the NC group. TNF, tumor necrosis factor; HDAC3, histone deactylase 3; miRNA, microRNA; PBMC, peripheral blood mononuclear cell; RT-qPCR, reverse transcription quantitative polymerase chain reaction; DMSO, dimethyl sulfoxide; TSA, trichostatin A; siRNA, small interfering RNA; NC, negative control.](MMR-13-01-0035-g02){#f3-mmr-13-01-0035}
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